Abstract: Position-based periodic motions have appeared in many industrial processes such as cam-followers. The period of the output motion driven by the cam varies in the time-domain but is fixed in the angular position-domain, which is called time-varying periodic motion. This paper presents a plug-in type repetitive control scheme for reducing tracking errors via position-based periodic reference signals and/or disturbances. Two kinds of control strategies, namely disturbance feed-forward and disturbance rejection control, are proposed to investigate control performance with time-varying periodic disturbances. The implementation technique utilized in this position-based repetitive controller is discussed in detail, and an anti-vibration control system with position-base load disturbances generated by a cam is realized. Experimental results are given to demonstrate that the repetitive control can effectively eliminate the steady-state errors within a few cycles caused by time-varying periodic disturbances. This study offers an alternative method for realizing a repetitive controller to track and/or reject periodic signals under variable periods.
INTRODUCTION
It is well known from the internal model principle [2] that the control output of a stable feedback system can track a class of reference commands without steady-state errors, if the loop transfer function model is involved with these command signals in the closed-loop system. Nowadays, a number of repetitive control algorithms have been developed (for example see [1] [6] [7] [8] [9] [10] [12] [13] [20] [21]) to reduce the steady-state errors; these algorithms govern time-base periodic reference and/or disturbance signals. A modified repetitive control system was developed in our previous study [21] (see Fig. 1 T where the number of samples per period may be non-integers with a fixed sampling rate. Practically, the delay time of the repetitive control should be synchronized with the period of the input signal. Obviously, the input data is stored in storage memory and released after the given delay time; meanwhile, the memory of the released data would restore the new data in the next sampling. Thus, the key techniques to implement a time delay unit contain two major components: the memory register and a decision rule. Note that the memory registers are used to guide the input data to correct memory addresses, and the decision rule judges the sampling instant to output the delayed data. For example, if the data is delayed for a sampling time of 4, the data will be arranged in a specific memory address which will be computed by the time counter. When the system time clock achieves the fourth sampling time, the decision rule will be enabled and then the stored data will be released. However, these implementations are not only achieved by using the time counter information, but also by using the position encoder information to deal with the influence of the position-base periodic signals. Thus, the position-based implementation of the memory register and a decision rule are named as position delay and position synchronization, which are addressed the following. The position delay, which releases the past data at a certain cam position, is illustrated as
where ( ) y θ is the output of position-base delay unit, ( ) s r θ is the displacement of cam devices, θ is the rotational position, and d P is the radian of the position delay, which is usually 2π . Let k t ( 1, 2, 3... k = ) denote the discrete-time instant where k is the counter and t is the sampling time. The position synchronization is implemented as
where ( ) m i is the memory range; ( )
is the sampling position counter; and θ is the rotational position sampling.
AN ILLUSTRATED EXAMPLE
An anti-vibration control system is examined in this paper for experimental study, and two control strategies of both disturbance feed-forward control and disturbance rejection control are investigated to verify the proposed repetitive control scheme.
Experimental Setup
The experimental setup of an anti-vibration control system is displayed in Fig.3 . A linear servomotor ( Fig.3(a) ) is given to provide the control force. Figure 3 (b) shows a passive suspension unit of the main structure. A position-based periodic disturbance generator is shown in Fig.3 (c), which consists of a reduction device, a follower, and an eccentric wheel driven by a servo motor. In the case, the control target is to reduce the vibration of the load in Fig.3 M is the mass of the cam-follower structure, K is the elasticity coefficient, B is the damping coefficient, l r and b r are the displacements of the load and the follower, respectively. Then the dynamic equations of the system are given by
The block diagram of the control system is depicted in Fig.5 , where D F denotes the disturbance force caused by the displacement of the follower in Fig.3(c) 
Control Strategy for Vibration Cancellation
In this paper, the disturbance feed-forward control (Fig. 6 ) and the disturbance rejection control (Fig. 7) are proposed in the illustrated example of the active anti-vibration control. The position loop and velocity loop controllers, P+PDFF (proportional + pseudo derivative feedback feed-forward) [5] , are predesigned to stabilize the control system for the required performance. According to the design rule [21] and the system model ( Fig.5) , the parameters of the plug-in type repetitive controller can be obtained, which are given in Table 1 .
In Fig. 6 , the purpose of the disturbance feed-forward control is to create the inverse motions which are used to reduce the original motions of the load. 
where r ω is the velocity command.
In the disturbance feed-forward control, the motion command can be generated easily to follow the displacement ( ( ) b r θ ) in simulation. However, in experimentation, an initial position of the disturbance generator must be the same as the initial position of ( ) b r θ , which is difficult to be realized. The disturbance rejection control, shown in Fig.7 , is a position control with a zero command input. Compared to the disturbance feed-forward control, the disturbance rejection control does not require the initial position of the disturbance generator, which means a more convenient implementation than that of the disturbance feed-forward control.
Experiment Results
The experimental setup is revealed as Fig.3 where two linear encoders provide the position information of the load and the linear motor, respectively, and a rotary encoder is used to measure the angular position of the eccentric wheel. At first, the disturbance feed-forward control and the disturbance rejection control, respectively, are addressed by a time-constant periodic signal input. Figure 8 shows the experimental results of two control schemes without the repetitive controller, and the results with the repetitive controller are shown in Fig.9 . As can be seen, the disturbance rejection control shows a better performance than that of the disturbance feedforward control due to the nonlinear properties of the physical equipment, i.e. the passive suspension device. In the following, the disturbance rejection control is studied in real-time due to a time-varying periodic signal while the position-base delay and positional synchronization are implemented. For the periodic signals generated by the disturbance generator, Fig.10 exhibits the response via the position-base delay method only where the vibration is still found due to non-synchronization between the memory register and the angular position, which means the memory buffer size varies. Since the velocity of the eccentric wheel is constant, the vibration is converged under the uniform width of the memory buffer. With the position-base delay and the positional synchronization, the vibration response is improved significantly as shown in Fig.11 . The results have shown that the presented repetitive controllers can effectively eliminate the steady-state errors within only a few cycles. Note that the position delay and the position synchronization are indeed indispensable for the repetitive control while the system is involved with time-varying periodic signals.
4, CONCLUSION
This paper has investigated repetitive control implementation for tracking and/or rejecting timevarying periodic signals and presented some related implementation techniques for the delay unit, the position-base delay, and positional synchronization. Two control strategies, namely the disturbance feedforward and the disturbance rejection have been proposed in the experimental studies based on an anti-vibration control system. The measured results demonstrated that the proposed repetitive controller can effectively eliminate the steady-state errors due to time-varying periodic disturbances within a few cycles. Technology, vol. 10, no. 4, pp. 547-555. 17th IFAC World Congress (IFAC'08) Seoul, Korea, July 6-11, 2008 [22] T. C. Tsao and M. Tomizuka (1988 Korea, July 6-11, 2008 
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